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Description

TECHNICAL FIELD

[0001] The invention relates to a grounding conductor e.g. in the form of a grounding line, a rod, or a mesh, as well
as it relates to an electrical power system comprising such grounding conductor and use of a grounding conductor.

BACKGROUND ART

[0002] Grounding conductors (also termed earthing conductors according to US nomenclature) are well known in the
art, where this term herein means a grounding conductor intended for air and/or ground laid power line distribution
network applications, where the grounding conductor is adapted to be laid underground, in water or in air, outside or
inside ducts; and where the grounding conductor is provided in connection with or at a distance to an AC or DC power
cable, such as an AC single or three phased power cable, or power structure, such as a pole, a transformer station, or
a building, which power cable or structure is provided above ground, or provided in direct contact with or alongside said
power cable in the ground. The purpose of the grounding conductor is to form a ground or earth potential to the power
cable or structure. Some grounding conductors are provided following, along, or being integrated with ground laid power
cables. In some cases at least part of said grounding conductor is provided following, along, or integrated with aerial
power cables. The grounding conductor can be applied in the ground near individual poles, on site providing system
ground, under transformers, or close by buildings, e.g. by providing a mesh, or can be applied following the power cable
and laid underground as a ground conductor. Said conductor can be utilized comprising any suitable diameter as to
form straight or twisted wires, strands, rods, or pipes.
[0003] Further, the term "grounding conductor" is herein defined as a conductor suitable for being in electrical contact
with the surrounding environment for providing grounding potential along substantially the entire length of the grounding
conductor where laid in the ground. Thus, the term "grounding conductor" does not cover externally electrically insulated
and internally electrically conducting conductors which only provide grounding potential at the conductor end or ends
with e.g. a cable lug or clamp.
[0004] A bare copper material is conventionally used as a grounding device. Bare copper materials serving as grounding
devices may be arranged on or in the earth buried at a predetermined depth, and the copper materials being arranged
in a grid pattern in a vertical and horizontal directions. This constitutes a mesh electrode. By way of example, a grounding
device having such a mesh electrode is disclosed in the Unexamined Japanese Patent Application Publication (Tokkai-
Sho) No. 59-211975.
[0005] However, when the conventional grounding device exhibiting a bare metal surface such as bare copper e.g.
constituting a mesh electrode as described above, said bare metal devices are arranged directly in contact with and
inside the soil of the earth. Accordingly, corrosion of the bare metal grounding device is facilitated by moisture in the
soil, the acidity of the soil, the concentration of salt in the soil, and the like. Thus, disadvantageously, the buried grounding
device can be damaged thereby and may be subjected to a disconnection or the like, thus spoiling the grounding function
of the grounding device.
[0006] Generally, bare copper grounding devices tend to exhibit a long lifetime due to its good inherent corrosion
stability. However, other metals are more easily corroded, such as e.g. aluminium and iron.
[0007] If the bare metal is covered with a low resistance material comprising a compound of electrically conducting
carbon material and a binder material, often called a cement, thus providing a grounding conductor, a disconnection or
the like caused by the corrosion attributed directly to the soil is of course less likely to occur as compared to when the
bare metal, such as the aluminium or iron arranged directly in the earth.
[0008] However, the specific resistance of the soil may change rapidly locally due to environmental or soil conditions,
such as lightning strikes or water content, or it may change over the length of the grounding conductor. Thus, in areas
in which the grounding conductors are not completely covered with low resistance material, e.g. has holes due to e.g.
mechanical damages or lightning induced damages, which holes lead to one or more areas of exposed bare metal. In
these areas electromagnetic leaders may form and extend from the ground conductors during such lightning strikes, as
the carbon in the covering compound is very unlikely to be ionized. Consequently, in an electrolytic state such as the
one in the soil, contact with the bare metal surface areas causes such conventional grounding conductors to be corroded
by a battery action resulting from a difference in potential between ground and metal strand in these areas, leading to
a direct current flowing here, causing what is called galvanic corrosion. When exposed to particularly disadvantageous
environmental or soil conditions, such damaged grounding conductors can then experience even very fast galvanic
corrosion, even and especially when only tiny holes are provided, which may lead to malfunction, disconnection, or the like.
[0009] The rising cost of copper materials and poor social conditions in some parts of the world have made it a lucrative
business for some people to steal copper containing objects, such as grounding conductors. This leads to the loss of
ground connection of the power cables, which may lead to equipment failure(s) and - more seriously - a risk for living
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beings being exposed for lethal electric shock. The purpose of the grounding conductor, in combination with other
protective devices such as fuses and residual current devices, is ultimately to protect and ensure that living beings do
not come into contact with metallic or leading objects, such as a power line or the ground itself, whose potential relative
to the living beings own potential exceeds a "safe" threshold, typically set to around 50 V.
[0010] Further, the rising copper costs and the stolen copper also encourage suppliers and operators of power lines
to consider reducing the amount of copper materials being utilized, in particular when installing or re-installing longer
lengths of grounding conductor along a power cable.
[0011] It has been attempted to substitute all or at least part of the copper material of the grounding device or conductor
with less costly materials, such as iron, aluminium, copper clad aluminium, magnesium, or even tin. Even though alu-
minium inherently - on contact with oxygen - forms a thin layer of aluminium oxide which generally tend to lower surface
corrosion, aluminium does tend to be more reactive with water than copper. Further, aluminium is less electrically
conductive, around 40-60% less conductive. Thus, aluminium conductors generally are made with a corresponding
larger diameter in order to attain the same resistance as the copper ones.
[0012] EP 0 136 039 dating from 1983 describes a grounding device in the form of a ground rod or mesh mat intended
for lightning protection by burial in the ground, where the device comprises a metallic central member, e.g. made of
aluminium or preferably steel, and a surrounding electrically conductive polymer member for moisture protection. The
polymer member has a specific resistance of from 0.01 Ωcm to 10 Ωcm.
[0013] JP 10-223279 dating from 1996 describes a method of preventing the oxidation of a grounded electrode made
from copper, aluminium or steel by using a semi-conductive anticorrosive layer formed on a conductor as the grounded
electrode to be electrically connected to electric equipment and embedded in the ground. The semi-conductive anticor-
rosive layer is formed by covering a crosslinked or non-crosslinked semiconductive polyethylene composite with a semi-
conductive resin composite containing conductive carbon black by extrusion, and its volume specific resistance is set
to 1/20- I1/100 of the specific resistance of the soil embedding the electrode.
[0014] US 3571613 discloses a two-cable underground electrical distribution system for single phase, which has an
insulated power conductor with longitudinal bosses in the jacket into which are embedded no more than four undulatory
drain wires, and a separate or duplex return conductor.
[0015] Contrary to what one would expect, an increased use of aluminium grounding devices has yet to be seen, since
no commercially accepted solution has been provided, in particular the problem of corrosion protecting aluminium sur-
faces has not been dealt with sufficiently. Inventor has previously in several tests and attempts tried to find a solution
by applying one or more twisted aluminium strands with conductive resin, such as the polyethylene-based semi-con-
ductive jacketing polymers sold under the trade number LE0563 from the company Borealis and trade number DHDA
7708-BK from company DOW. But Inventor has hitherto failed to produce any suitable solution where the polymer was
sufficiently protective against water and leak current corrosion, at least when damaged, while at the same time providing
a suitably conductive or grounding capable grounding conductor.

SUMMARY OF THE INVENTION

[0016] It is an object of the present invention to provide an economical alternative to copper grounding devices.
[0017] The present invention provides a grounding conductor, which utilizes aluminium as a grounding conductor
material alternative, and which also addresses at last some of the above mentioned disadvantages with prior art grounding
conductors.
[0018] To fulfil the above object, as well as to solve other problems, which will become apparent in the following
description, the present invention provides a grounding conductor as disclosed in claim 1 and the use of it is disclosed
in claim 11.
[0019] The grounding conductor comprise a plurality of conductive aluminium strands wherein each such strand is
provided with at least one sheath comprising an electrically conductive polymer material having a volume resistivity (ρ)
below 100 Ω·cm.
[0020] Since the grounding conductor comprises a plurality of conductive aluminium strands wherein each such strand
is provided with at least one sheath comprising an electrically conductive polymer material having a volume resistivity
(ρ) below 100 Ω·cm, a grounding wire comprising aluminium is provided, which fulfils the requirements of a grounding
conductor. Moreover, due to the provision of the plurality of sheathed conductive aluminium strands the properties of
the grounding conductor are maintained even if some of the sheaths comprising electrically conductive polymer are
damaged. As a result, the above mentioned object is achieved.
[0021] According to some embodiments there may be provided a grounding conductor comprising at least one con-
ductive aluminium strand having a strand diameter, dw, along the length thereof, where each such strand is provided
with at least one sheath of an electrically conductive polymer material having a sheath thickness, ts, and having a volume
resistivity, p, below 100 Ω·cm. In one embodiment the material of said electrically conductive polymer may be such that
for at least said one aluminium strand at least one of these criteria is true: Criteria 1) that when comparing a sheathed-
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strand potential difference and a bare-strand-potential difference, said sheathed-strand potential difference is lower than
said bare-strand potential difference at least at one point over a first test current range when testing according to the
following first test procedure: - providing a length, Is, of said at least one sheathed aluminium strand;- a1) submerging
a portion of said length into a 1 vol% sodium sulphate solution wherein a metal electrode is provided at a distance to
said aluminium strand;- b1) applying a test current within said first test current range over said at least one sheathed
aluminium strand such that a negative test potential is applied to said aluminium strand relative to said electrode; - c1)
acquiring said sheathed-strand potential difference between said at least one sheathed aluminium strand and said
electrode; - d1) repeating steps a1) to c1) over said first current test range at suitable intervals; - e1) stripping the sheath
entirely from the same length, Is, of aluminium strand and testing according to the steps a1) - d1) except in c1) acquiring
said bare-strand potential difference. Criteria 2) that when comparing a sheathed-strand potential difference and a
sheathed-strand-with-hole potential difference, said sheathed-strand-with- hole potential difference is higher than said
sheathed-strand-potential difference at least at one point over a second test current range, when testing according to
the following second test procedure: - providing a length, Is, of said at least one sheathed aluminium strand;- a2) applying
a test current within said second test current range over said at least one sheathed aluminium strand and said electrode
such that a potential difference is provided between said at least one sheathed aluminium strand and said electrode; -
b2) acquiring said sheathed-strand-potential difference; - c2) repeating said steps a2) to b2) over said second current
test range at suitable intervals; - d2) making a hole in the sheath from the same length, Is, of aluminium strand and
testing according to the steps a2)-c2), except in b2) acquiring said sheathed-strand-with-hole potential difference.
[0022] Meeting at least one of the test criteria 1) or 2) means that the grounding conductor comprising said conductive
polymer material is suitable for the application, in that the galvanic corrosion tendency is lowered, as well as the grounding
capability is increased, as well as lightning impulse removal effectiveness is improved. When said sheathed-strand-
potential is lower than the bare-strand-potential the contacting surfaces might even provide a potential "well" which the
electrons are being led into. This has been tested for low currents as up to 5 mA on aluminium strand in the 1 vol%
sodium sulphate solution.
[0023] The tests mentioned above are two ways to investigate whether a conductive polymer sheath material is suitable
as a conductive polymer material for aluminium containing grounding conductors, at least what concerns the sheaths
corrosive inhibitor properties. It has also been seen that the material then is much better electrically conducting and thus
provides a better grounding effect. Such material seems to enable a very low voltage potential drop over it compared
to other conductive polymers. Such sheath seems to provide a lower voltage potential bridge which the electrons of the
electrical current "needs to" overcome, in fact it seems as if the sheath is even better at conducting the current to ground
than the bare aluminium material is.
[0024] Advantageously, the material of said electrically conductive polymer is such that said at least one of said one
or more aluminium strands can pass both of said two test procedures.
[0025] An unsuitable polymer will instead generate a high voltage drop between the aluminium stand and the sur-
rounding medium (e.g. soil) of the conductor. An unsuitable polymer thus, will render the conductor unsuitable for use
as a grounding conductor. Further, an unsuitable polymer may cause corrosion of the aluminium strand.
[0026] Advantageously, the size of such test hole in the sheath for the above discussed test criteria in its longitudinal
extension relative to the length Is of the sample may be in the range of less than 10%, such as less than 5%, such as
less than 4%, such as less than 2%, such as less than 1% thereof. The test hole may be in the form of a slit thus, having
no substantial extension in a circumferential direction of the relevant strand.
[0027] In practical use, a hole may be created in the sheath due to an unintentional damage, e.g. during manufacturing
of the grounding conductor, handling of the grounding conductor, or laying of the grounding conductor. Due to the
properties of the conductive polymer discussed herein, the grounding properties of the grounding conductor are not
particularly affected by such a hole.
[0028] Inventor presume the advantageous grounding effect may have to do with the polymer material providing a
good conductive contact with the outer surface of said at least one aluminium strand and onwards towards the generally
much more resistive earth potential, when in use. This seems to provide a very low potential wall for the electrons of the
electrical current to "overcome", see below for list of parameters which may influence the test results and provide a
suitable grounding conductor.
[0029] In an example not according to the invention, at least some of the plurality of aluminium strands may be twisted
around each other.
[0030] According to the invention, at least some of the plurality of conductive aluminium strands may entirely surround
one centrally provided conductive aluminium strand of the plurality of conductive aluminium strands. In this manner the
centrally provided conductive aluminium strand may be mechanically protected by the surrounding aluminium strands.
[0031] In an embodiment, a transitional resistance for one of the plurality of the conductive aluminium strands provided
with at least one sheath to a surrounding media may be lower than a transitional resistance for a bare conductive
aluminium strand of the plurality of the conductive aluminium strands to the same surrounding media.
[0032] In an embodiment, the conductive polymer material may comprise a polyolefin mixed with an elastomer, 10-40
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% high purity carbonaceous material, and an antioxidant. In this manner a sheath having a volume resistivity p below
100 Ω·cm may be provided in a durable material suited for good conductive contact to the aluminium strand.
[0033] In an embodiment, the conductive polymer material may comprise polypropylene mixed with an ethylene/pro-
pylene elastomer, 23 - 30 % carbon black, and a phenolic antioxidant polyolefin mixed with an elastomer. In this manner
a sheath having a volume resistivity ρ below 40 Ω·cm may be provided. Typically the sheath may have a volume resistivity
p within a range of 5 - 40 Ω·cm. Such a conductive material provides a good conductive contact to the aluminium strand.
Furthermore, the conductive polymer material provides a wear resistance, a hardness, and a toughness which is higher
compared to many other conductive polymer materials. Thus, the grounding conductor is suited to withstand the handling
it is subjected to during laying and use as a grounding conductor. Accordingly, the grounding conductor provides a
realistic alternative to the hitherto used copper grounding conductors.
[0034] In an embodiment, the conductive polymer material may comprise comprises 62 - 68 % polypropylene mixed
with an ethylene/propylene elastomer, 23 - 30 % carbon black, and 2 - 4% phenolic antioxidant. In this manner a sheath
having a volume resistivity p below 40 Ω·cm may be provided. Typically the sheath may have a volume resistivity p
within a range of 5 - 40 Ω·cm. Such a conductive material provides a good conductive contact to the aluminium strand.
Particularly, the conductive material may penetrate into pores of the aluminium strand. Furthermore, the conductive
polymer material provides a wear resistance, a hardness, and a toughness which is higher compared to many other
conductive polymer materials. Thus, the grounding conductor is suited to withstand the handling it is subjected to during
laying and use as a grounding conductor. Accordingly, the grounding conductor provides a realistic alternative to the
hitherto used copper grounding conductors.
[0035] In an embodiment, the conductive polymer material may comprise 25 - 70 % polypropylene, 15 - 55% ethyl-
ene/propylene elastomer, 23 - 30 % carbon black, and 2 - 4 % phenolic antioxidant. In this manner a sheath having a
volume resistivity p below 40 Ω·cm may be provided. Typically the sheath may have a volume resistivity p within a range
of 5 - 40 Ω·cm. Such a conductive material provides a good conductive contact to the aluminium strand. Particularly,
the conductive material may penetrate into pores of the aluminium strand. Furthermore, the conductive polymer material
provides a wear resistance, a hardness, and a toughness which is higher compared to many other conductive polymer
materials. Thus, the grounding conductor is suited to withstand the handling it is subjected to during laying and use as
a grounding conductor. Accordingly, the grounding conductor provides a realistic alternative to the hitherto used copper
grounding conductors.
[0036] The %-figures discussed above relate to weight % (wt%).
[0037] The phenolic antioxidant may be of Irganox-type.
[0038] Suitably, the carbon black used in the conductive polymer material may be a high purity carbon black. Such a
high purity carbon black has a low content of impurities and may have a homogenous particle size.
[0039] In an embodiment, each of the plurality of conductive aluminium stands provided with a sheath may have an
aluminium strand diameter (dw) within a range of 0,2 - 25 mm, such as within a range of 0,5 - 8 mm, and a sheath
thickness (ts) within a range of 0.2 - 0.7 mm, such as from 0.25 mm to 0.5 mm, such as from 0.35 mm to 0.45 mm.
[0040] According to a further aspect of embodiments there is provided an electrical power system comprising a power
cable or structure, which is grounded through a grounding conductor according to any aspect and/or embodiment
discussed herein buried in the ground and in grounding contact with the ground along the length thereof.
[0041] In an embodiment, the electrical power system may comprise a power cable, wherein the grounding conductor
at least along one length of the power cable is provided alongside and in contact with an outer surface of the power cable.
[0042] In an embodiment, the power cable may be an aerial cable, and the grounding conductor may be provided in
the ground and along at least a part of the power cable.
[0043] According to a further aspect of embodiments, there is foreseen a use of a grounding conductor according to
any aspect and/or embodiment discussed herein as a ground conductor running in parallel with a power cable between
two power structures to provide a ground potential to the power cable or the power structure.
[0044] In an embodiment, the two power structures may be transformer stations.
[0045] In use, the ground conductor is laid underground.
In the tests mentioned above, said first test current range is equal to or below 20 mA, such as equal to or below 10 mA,
such as equal to or below 5 mA, such as equal to or below 2 mA, such as equal to or below 1.5 mA, such as equal to
or below 1 mA, and said second test current range being in the range of equal to or less than 100 mA, said ranges
selected depending upon the aluminium material amount in said length Is of aluminium strand, optionally said first test
current range may be equal to said second test current range.
[0046] Generally, the current test range is adapted to suit the aluminium amount within the sample, as mentioned, i.e.
on diameter and length Is. As shown in the diagrams and tables from the tests performed, see below, the first test current
range is more "sensitive" in that generally the criteria 1) can be fulfilled only at rather low current levels around less than
10 mA. Further, the criteria 2) seem to be more generally true over a broader current range, e.g. over the entire range
below 100 mA.
[0047] Other current ranges may be contemplated by the skilled person depending on strand and conductor diameters
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and lengths being tested. In fact, during all of the second test procedures performed, said sheathed-strand-with-hole-
potential difference was always equal to or higher than said sheathed-potential-difference for any test current value for
a suitable conductive polymer material.
[0048] Hereby the costs of laying grounding conductors can be significantly decreased, because the grounding con-
ductor comprising aluminium according to the invention can now substitute the conventional use of copper therein. The
present grounding conductor is sufficiently protected against corrosion damage and is provided with sufficient mechanical
strength, thus it performs adequately when subjected to abrasion tests. The corrosion and abrasion susceptibility of the
conductor can be determined using the IEC standard 60229, "Tests on extruded oversheaths of electrical cables with
a special protective function", and the grounding conductor according to the invention advantageously can pass these
tests.
[0049] Thus, there is provided a grounding conductor comprising one or more aluminium strands, where the material
of the sheath may be selected such as to fulfil at least one of these two test procedure criteria for the ground conductor.
[0050] According to the grounding conductor of the invention, said electrically conductive polymer material has a
volume resistivity ρ below 100 Ω·cm, such as below 50 Ω·cm, such as below 30 Ω·cm, such as below 5 Ω·cm. By
providing the polymer with conductive particulates, such as carbon black, and selecting these small enough to enter into
a sufficient contact with the aluminium surface as well as sufficiently many, a suitable volume resistivity can be achieved,
preferably below 30 Ω·cm, which improves the grounding property of the grounding conductor.
[0051] In embodiments of said grounding conductor, said sheath thickness ts is in the order of from 0.2 mm to 1.5
mm, such as from 0.2 mm to 0.7 mm, such as from 0.25 mm to 0.5 mm, such as from 0.35 mm to 0.45 mm. Tests have
shown that such sheath layer thicknesses are suitable for providing both sufficient mechanical stability and sufficient
corrosion protection. Surprisingly, these sheath thicknesses often seemed to lie well below the necessary thicknesses
of conventional aluminium corrosion protection sheaths, e.g. also as used inside power cables, which generally lie in
the order of around 1 mm to 3 mm.
[0052] Surprisingly, extensive tests performed by Inventor have shown that even when providing a relatively thin
protective layer of said electrically conductive material on aluminium strands, where relatively thin layer here means in
the order of below 2 mm, the resulting corrosion tendency is still reduced. Indeed, even when holes are provided in the
material the aluminium strand seems to be at least to a certain degree protected against corrosion as well by such
conductive polymer material. This is contrary to intuitive thinking, and also contrary to prior art tests and results from
corresponding aluminium strand grounding conductors, which indicated that the thicker the layer of protective electrically
conductive material was, the better the corrosion protection would also become.
[0053] Inventors tests have also shown that for the grounding conductor to be mechanically stable a certain sheath
thickness is advantageous for providing improved mechanical stability. Thus, the sheath thickness should advantageously
be adapted to suit both the requirements of reaching as low a resistance towards earth as possible, i.e. towards a thinner
sheath, attaining the necessary corrosion protection, as well as improved mechanical stability, i.e. towards a thicker
sheath, see below on corrosion and abrasion tests performed by Inventor.
[0054] In an embodiment of said grounding conductor at least one sheath covers substantially the entire surface of
the longitudinal length of said at least one aluminium strand. This eases production and thus reduces manufacturing
costs since continuous lengths of extruded polymer material may be provided.
[0055] It further fulfils customer expectations of a corrosion protected aluminium grounding conductor being entirely
protected by conductive polymer sheath, since it hitherto, until Inventor developed this inventive grounding conductor,
was a notion within the field that in order to improve the corrosion protection of aluminium one needs to add a water or
humidity protection layer, such as a fully covering polymer sheath.
[0056] In an embodiment of said grounding conductor the sheath is provided with at least one test hole exposing a
hole surface area of said at least one aluminium strand, which at least one hole has a longitudinally extending size in
the order of equal to or lower than 5% of the length (ls) of said aluminium strand. Surprisingly, as mentioned above, the
corrosion protective effect of the conductive polymer sheath of the present invention is sufficient also when the conducting
polymer is provided with such holes, e.g. before and/or during extrusion of the sheath upon the strand, or provided after
extrusion, either in a further manufacturing step, or during operation, laying in the ground. Depending on polymer material
utilized, and the intrinsic properties thereof, this longitudinal hole size may vary, but a total longitudinal hole size of 5%
could at least pass the corrosion test according to the IEC standard 60229.
[0057] In an embodiment of said grounding conductor said aluminium strand diameter dw is in the order from around
0.5 mm to around 25 mm, typically within a range of 0.5 - 8 mm. Thus, suitable aluminium strand diameters, as well as
grounding conductor diameters can be obtained for manufacturing grounding rods, meshes, and lines as well, which
provide sufficient mechanical stability as rods, lines, or mesh, and provide a sufficient grounding effect, The larger the
diameter dw is the more current can be supplied. Advantageously, for grounding conductors in the form of rods, a larger
diameter dw may be suitable as these often are hammered into the ground. However, the smaller the strand diameter
dw is, the larger the aluminium surface area to material weight ratio is, which improves the grounding capability of the
grounding conductor. The lower limit of suitable strand diameter dw may be limited to a minimum diameter for undergoing
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the extrusion process drawing force when applying the polymer sheath onto the strand.
[0058] According to the invention, said grounding conductor, said grounding conductor comprises a plurality of said
aluminium strands, each one of these strands being individually sheathed.
[0059] Thus, a smaller strand diameter dw can be applied for improving the grounding capability when combining
several sheathed strands together in a bundle, which bundle is then also more mechanically stable, e.g. when used as
a lightning rod. Further, the corrosion protecting effect for each individually protected strand enables an improved cor-
rosion protection effect: Even if one strand is compromised with a damage in the polymer sheath, the other strands of
the bundle are 1) still corrosion and damage protected 2) still providing a sufficient grounding effect.
[0060] Not according to the invention, at least some of said plurality of aluminium strands are twisted around each
other. A part of or the whole bundle is twisted around for preventing splicing into individual strands, as well as still
providing a certain amount of longitudinal flexibility.
[0061] According to the invention, at least some of said plurality of aluminium strands, such as four, five, six, seven,
eleven, or nineteen, are surrounding, such as entirely surrounding, at least one centrally provided individually sheathed
aluminium strand. Optionally, said plurality of aluminium strands are provided in at least one strand layer around said
at least one aluminium strand.
[0062] These may be said individually sheathed aluminium strands forming themselves grounding conductors accord-
ing to the invention. In a grounding conductor not according to the invention, these strands may be other types of bare
or sheathed metal strands, and the metal can be aluminium, steel, copper, or other metal. Thus, these individually
sheathed strands can mechanically and corrosive-wise protect this or these centrally provided strand or strands, and
still provide for an excellent grounding capability. When the centrally provided strand or strands are themselves sheathed
strands according to the invention, an even better probability is provided for protecting at least one strand within the
surrounding strands. Also, improved mechanical and corrosion protection can be provided even when the centrally
provided aluminium conductors are without any sheath and provided with a conductive sheath not being of the quality
needed to provide improved mechanical and corrosion protection. This could reduce conductor manufacturing costs
even further. It may be an advantage to provide the surrounding individually sheathed strands not entirely contacting
each other at their sides thereof, i.e. not provided as a covering layer in order to enhance the contact surface area for
improving the grounding capability. It may on the other hand be an advantage to provide them entirely surrounding the
central object to provide better humidity entry and mechanical damage protection of the internal and/or central object
or objects. Further, the cross-sectional shape of the plurality of individually sheathed strands may be any suitable shape,
such as circular, oval, triangular, square, flat, in two or more layers, where centrally is then to be taken to mean being
provided between at least two of said surrounding individually sheathed strands.
[0063] Advantageously, in an embodiment of said grounding conductor said plurality of aluminium strands are provided
in at least one strand layer around said at least one object. This provides a very low risk that all strands are damaged
in a short length and that the grounding can disappear due to corrosion damages. This is particularly advantageous
when the grounding conductor is dug into very corrosive environments, as the surrounding protective strand layers are
able to provide a protection over time of the internal or centrally provided objects which can at least equal and even
surpass the lifetime expectancy of copper grounding devices and other less protective sheath provided aluminium strands.
[0064] In an embodiment of said grounding conductor it is further provided with a surrounding jacket. This is practical
both for keeping the one or more sheathed strands together in a bundle, and for providing additional surface for improving
the grounding capability. In an embodiment of said grounding conductor said jacket is of an electrically conductive
material, such as the same electrically conductive polymer material or a metal. The metal could be copper or aluminium.
In at least some instances, providing a thicker jacket of the same electrically conductive material can in fact reduce the
corrosion protective effect even when the individual sheath is damaged or provided with holes, however, such jacket
may be provided in order to increase the mechanically protective effect instead. It is also possible to use a two-layer
construction, where the inner polymer material is focused on reducing the transition resistance due to contact to the
aluminium oxide and the outer polymer material is focused on mechanical protection.
[0065] In an embodiment of said grounding conductor said jacket is provided entirely or partly covering said grounding
conductor, such as a helically wound non-woven tape, and/or one or more an axially wound tapes, and/or a stitched
thread, and/or a wire or net mesh, and/or interwoven in between said individually sheathed aluminium strands. Thus,
the individually sheathed strands can be loosely or tightly held together in a bundle. This upholds the effect of the larger
sheath surface area being exposed to the ground surrounding it for an improved grounding and corrosion protection effect.
[0066] The carbon black additive advantageously are of physical sizes around 5-100 nanometers. Generally, the
smaller the particle size, the lower the resistivity of the composites. The filler amount can, depending on polymer matrix
used, lie in the order of at 1-5wt%, or 30wt% carbon black, or larger than 50wt% carbon black.
[0067] In a grounding conductor not according to the invention said sheath is provided with at least one test hole
having a longitudinally extending size, and the grounding conductor having a total length, where said total length is at
least 5 times longer than the sum of the longitudinally extending size of the at least one hole, such as at least 10 times
longer, such as at least 20 times longer, such as at least 50 times longer, such as at least 100 times longer. It has by
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the invention been realized, that by providing a longer length of grounding conductor according to the invention the
grounding capabilities of the total grounding conductor is increased, which generally lowers even more any corrosive
deterioration effects felt after any hole damages has occurred as regards to the galvanic corrosion experienced.
[0068] The present invention further contemplates in one embodiment to provide an electrical power system comprising
at least one power cable and/or power structure, which is grounded through a grounding conductor as described in any
one of the embodiments mentioned above, which grounding conductor is buried in the ground and in grounding contact
with said ground along substantially the length thereof, such as along the entire length thereof. The electrical power
system can comprise an aerial or ground-laid power cable, a power structure, such as a transformer, a pole and/or a
building, or the like in an electrical power system.
[0069] In an embodiment of said electrical power system the grounding conductor at least along one length of said
cable or structure is provided alongside, such as in contact with, an outer surface of said cable or structure, or is provided
substantially radially out from it, optionally a plurality of said individually sheathed aluminium strands surrounding, such
as completely surrounding, and in contact with an outer surface of said cable or structure. Preferably, a plurality of said
individually sheathed aluminium strands are surrounding, such as completely surrounding, and are in contact with an
outer surface of said cable or structure. A ground laid cable is thereby earthed by said grounding conductor.
[0070] In an embodiment of said electrical power system the grounding conductor is provided at least along one length
of said cable or structure within said cable or structure.
[0071] In an embodiment of said electrical power system it comprises a power cable being provided as an aerial cable,
and said grounding conductor is provided in the ground and along at least a part of said power cable, preferably along
the entire aerial cable.
[0072] The term "strand" includes herein both

- a single longitudinally extending object, which is relatively long and thin, i.e. the diameter thereof is more than 10
times, such as 100 times smaller than the length of said strand, and

- a collection of wound, spun or twisted thinner filaments or wires, the diameter of each being more than 3 times,
such as 5 times, such as 10 times, such as 50 times, such as 100 times thinner than the strand itself.

[0073] The term "aluminium" includes herein both near pure aluminium and aluminium alloys, e.g. such alloys and
aluminium as defined by the American Aluminium Society or ASTM International.
[0074] The term "an electrically conductive polymer material" is a polymer material exhibiting a volume resistivity ρ in
the order of 1 Ω·cm to 1000 Ω·cm, i.e. the term also includes a volume resistivity generally associated with electrically
semi-conducting polymer material according to older definitions, and this is a polymer matrix comprising conductive
particulates, such as carbon black, furnace black, acetylene black, graphite, in the form of e.g. flakes, fibres, spheres,
granules, etc. When carbon black is added into a polymer matrix to a certain level, the carbon black aggregates form a
continuous path and the polymer become a conductive polymer composite. The polymer matrix can optionally contain
conventional additives, such as antioxidants, non-conductive fillers, flame-retardants, and others known to the skilled
person.
[0075] Electrical volume resistivity ρ is defined as the ratio of the electric field in a material to the density of the current
it creates ρ = E / J, where p is the resistivity of the conductor material (measured in ohm·meters, Ω·m), E is the magnitude
of the electric field (in volts per meter, V/m), J is the magnitude of the current density (in amperes per square meter, A/m2).
[0076] The term "hole" means herein a hole made in the sheath comprising a recess in the sheath going all the way
down to the surface of the aluminium strand, which the sheath protects, and said recess laying bare a hole surface area
of said aluminium strand surface, where said hole surface area may have any suitable shape, such as elliptical, triangular,
rectangular, as well as a shape going entirely radially around the periphery of the sheath.

FIGURES

[0077] The invention will be explained in further details with reference to the schematic drawing in which:

Fig. 1 shows a side view of a possible general application of a grounding conductor or grounding device in the form
of a mesh for an aerial power cable in an electrical power system;
Fig. 2 shows a side view of a possible general application of a grounding conductor or a grounding device in the
form of a ground-laid line running along and electrically connected to a longitudinally far extending aerial power
cable in an electrical power system;
Fig. 3 shows a side view of a possible general application of a grounding conductor or grounding device in the form
of a line provided alongside a ground-laid power cable between two power structures, such as two transformer
stations, in an electrical power system.
Fig. 4 shows a photo of a sectional cut of a grounding conductor in an embodiment of the invention;
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Figs. 5A, 5B - 8A, 8B show grounding conductors according to four different embodiments of the invention, in
perspective side view and in cross section view, respectively;
Fig. 9 shows a very schematic view of a test procedure setup for a grounding conductor according to the invention
of said first and second test procedure;
Fig. 10 shows a diagram depicting one illustrative result of a grounding conductor first test procedure according to
the first embodiment (Sample 1 and bare Al strand), as well as for comparison the result of a grounding conductor
not according to the invention (Sample 2);
Fig. 11 shows a diagram depicting one illustrative relative result of a grounding conductor first test procedure
according to the first embodiment (Sample 1 and bare Al strand), as well as a result of a grounding conductor second
test procedure according to the second embodiment (Sample 1 and Sample 1 with holes), as well as for comparison
the result of a grounding conductor not according to the invention having a complete sheath (Sample 2) and of a
grounding conductor not according to the invention provided with holes (Sample 2 with holes), and where the polarity
of the test potential between strand and electrode is a negative strand relative to the electrode;
Fig. 12 shows a diagram depicting one illustrative relative result of a grounding conductor second test procedure
(Sample 1 and Sample 1 with holes), as well as for comparison the result of a grounding conductor not according
to the invention having a complete covering (Sample 2) and of a grounding conductor not according to the invention
provided with holes (Sample 2 with holes), where the result from a bare aluminium strand is also shown for reference,
and where the test polarity is reversed, strand and electrode being positive and negative, respectively;
Fig. 13 shows a short-duration high voltage electromagnetic discharge (lightning) test setup comprising a container
with humus soil and a length of the grounding conductor inserted with its ends extending therefrom;
Fig. 14A shows a photo of the lightning tested grounding conductor of Fig. 13 at one location after the lightning test;
Fig. 14B shows a 50x magnification of the location on said lightning tested grounding conductor of the cutout as
shown in Fig. 14A;
Fig.15 shows a side view of a close-up longitudinal cut of a top part of an aluminium strand laid bare;
Fig.16 shows a side view of a longitudinal cut of a top part of an aluminium strand provided with sheath of a
conventional conductive polymer material;
Fig.17 shows a side view of a longitudinal cut of a top part of an aluminium strand provided with sheath of a conductive
polymer material in a grounding conductor according to the invention;
Figs. 18-19 show illustrative close-ups of side views in the cut-out named A in Fig. 16; and
Figs. 20-21 show illustrative close-ups of side views in the cut-out named B in Fig. 17.

DETAILED DESCRIPTION

[0078] The drawings simply intend to illustrate the principles of the invention, and details which do not relate to the
invention as such, are not shown. In the figures the same reference numbers are used for the same parts.
[0079] Fig. 1 shows a side view of a possible general application of a grounding conductor or grounding device in the
form of a mesh 10a for an aerial power cable 2a in an electrical power system 1. Fig. 2 shows a side view of a possible
general application of a grounding conductor or a grounding device in the form of a ground-laid line 10b running along
and electrically connected to a longitudinally far extending aerial power cable 2a in an electrical power system 1. Fig. 3
shows a side view of a possible general application of a grounding conductor or grounding device in the form of a ground-
laid 10b line provided alongside a ground-laid power cable 2b between two power structures, such as two transformer
stations 3b, in an electrical power system 1.
[0080] In the following reference will be made to Figs. 1 - 3. A Grounding conductor 10a, 10b is intended for air and/or
ground laid power line distribution network applications, where the grounding conductor 10a, 10b according to embod-
iments in particular is adapted to be laid underground or in water. The grounding conductor 10a, 10b is either a) see
Fig. 1 and 2 provided in connection with or at a distance to an AC or DC power cable 2a, 2b such as an AC single or
three phased power cable, or power structure, such as a pole 3a, a transformer station 3b, or a building, which power
cable 2a, 2b or structure 3a, 3b is provided above ground, or b) see Fig. 3 provided in direct contact with or alongside
said power cable 2b in the ground. The purpose of the grounding conductor 10a, 10b is to form a ground or earth potential
to the power cable 2a, 2b or structure 3a, 3b.
[0081] Some grounding conductors 10b are provided following, along, or being integrated with ground laid power
cables 2b, see Fig. 3. In some cases at least part of said grounding conductor 10a, 10b is provided following, along, or
integrated with aerial power cables 3a, see Fig. 1 and 2. The grounding conductor 10a may be applied in the ground
near individual poles 3a, as shown in Fig. 1, on site providing system ground, under transformers 3b, or close by buildings,
e.g. by providing a mesh 10a, or can be applied following the power cable 2 and laid underground as a ground conductor
10b, see Fig. 2. The grounding conductor 10a, 10b may be utilized comprising any suitable diameter as to form straight
or twisted wires, strands, rods, or pipes. In Figs.1-3, the earth symbol is provided simply to indicate that an earth potential
is reached for the grounding conductor 10a, 10b in question and does not indent to show the position or the efficiency
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of the grounding conductor 10a, 10b in question.
[0082] The grounding conductors 10a, 10b discussed in connection with Figs. 1 - 3 comprise in accordance with the
present invention grounding conductors 100 as discussed herein and in the following, with reference to Figs. 4 - 8B, 17,
20, and 21.
[0083] Figure 4 shows a photo of cross section view cut through a grounding conductor 100 according to an embodiment
of the invention. The conductor 100 comprises a conductive metal part comprising seven solid aluminium strands 120
twisted together, each strand being of an approx. equal diameter dw around 2.6 mm. Each strand 120 is individually
sheathed with a conductive polymer material sheath 140 of generally uniform thickness ts around 0.3-0.4 mm. The
conductive polymer material is a polypropylene matrix comprising a filler of conductive particulates in the form of carbon
black. By providing several individually sheathed strands the conductor surface area is increased as an increased outer
surface area of the aluminium strand is in contact with the sheath inner surface area. This increases the grounding effect
of the grounding conductor 100 as well as increases the corrosion protection provided by the conductor according to
the invention. Further, by entirely surrounding the central inner strand 120a with six outer strands 120 the inner strand
120a is much better protected both as regards mechanical and corrosion protection; even if one or all of the outer strands
120 and/or their sheaths 140 are damaged, the inner strand is still protected and enables a continued operation as
grounding conductor. No jacket is provided, and this increases the grounding and corrosion protection effect relative to
when a jacket in e.g. the same conductive polymer material is provided around the individually sheathed strands.
[0084] Figs. 5A, 5B - 8A, 8B show grounding conductors 100 according to four different embodiments of the invention,
in perspective side view and in cross section view, respectively.
[0085] Fig. 5A and 5B show a grounding conductor 100 comprising seven aluminium strands 120 of equal diameter
dW around 3 mm: A central strand surrounded by six outer strands, each strand being coated or provided with a sheath
of conductive polymer material of a thickness tS of around 0.3 mm. The strands are provided lengthwise along each
other. Alternatively, they can be provided twisted or wound around each other lengthwise. The sheathed strands can
be provided loosely along each other as shown, can be adhered together by e.g. heat-treating the polymer sheaths or
by gluing, or can be kept together by a wire or paper jacket (not shown).
[0086] Fig. 6A and 6B show a grounding conductor 100 comprising nine aluminium strands 120, eight being of equal
cross sectional diameter dW1 around 3 mm surrounding a central strand 120a of a larger cross sectional diameter dW2
around 5 mm. Each strand 120, 120a is coated with a sheath 140 of conductive polymer material of a thickness tS of
around 0.3 mm. The sheathed strands 120 are provided lengthwise along each other. By providing this setup e.g. as
compared to the embodiment shown in Figs. 5A and 5B, the external surface area of the conductor 100 is increased,
which improves the grounding effect of the conductor, as well as provides a better corrosion protection. Further, by
increasing the number of surrounding strands 120 in the conductor, the risk of all the strands being damaged during
laying or use, is reduced. Further, by providing such one surrounding layer or more layers of sheathed strands 120
around at least one central sheathed strand 120a, the central strand 120a or strands is/are better protected by these at
least one layers of surrounding strands 120, which reduces the risk of damaging at least the central strand 120a or
strands, and increases the overall grounding effect.
[0087] Fig. 7A and 7B show a grounding conductor 100 with the same number, position, and cross sectional diameter
of individually sheathed aluminium strands 120 as shown in Fig. 6A and 6B, further being surrounded by a jacket 160
having a uniform thickness tj1 of around 1 mm, e.g. provided by extrusion. Due to the provision of the eight surrounding
sheathed strands 120, and a malleable jacket material, such as a polymer, such as a conductive polymer, the outer and
inner surface of the jacket adapts its shape to form a cross sectional octagon. Note that the exposed jacket surface area
size of the grounding conductor shown in Fig. 7A and 7B is in fact less than the exposed sheathed surface area size of
the grounding conductor shown in Figs. 5A and 5B, and 6A and 6B, respectively, and therefore these latter conductors
may be advantageous as regards to more effective grounding effect as well as better corrosion protection, while the
former conductor may advantageously provide better mechanically protection than the latter conductors.
[0088] Fig. 8A and 8B show a grounding conductor 100 with the same number, position, and cross sectional diameter
of individually sheathed aluminium strands as shown in Fig. 6A and 6B, further being surrounded by a jacket 160 having
a non-uniform thickness tj2 of around 1 mm at its thinnest and around 2.2 mm at its thickest part, e.g. provided by melt
extrusion or by a downstream heating step. Due to the provision of the heat meltable processing of the jacket material,
such as a polymer, such as a conductive polymer, the cross sectional shape of the grounding conductor with jacket 160
is substantially round, and the polymer jacket material has entered over the outer surfaces of the sheathed eight sur-
rounding sheathed strands, and optionally (not shown) in between the strands, to thus provide a better contact between
the inner surface of the jacket 160 and the outside of the sheaths 140 thus jacketed. To further improve this jacket-
sheath contact along the extension of the conductor, a further process step of compressing the jacket 160 during or
after the extrusion may be applied.
[0089] Preferably, the external sheath surface or the external jacket surface of the grounding conductor 100 has a low
friction coefficient enabling an easy laying in the ground.
[0090] Two different conductive polymer material identification test procedures were identified during Inventors per-
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formance of a number of extensive test series of corrosion susceptibility of different conductive polymer sheath materials.
The two test procedures, individually or together, was identified to establish criteria whether such a material is able to
perform satisfactory both by protecting the aluminium strand and thus the grounding conductor from corrosion as well
by providing it with not only a sufficient but also a superior grounding capability.
[0091] Starting out with performing corrosion tests according to the IEC standard 60229, Inventor developed the two
tests to determine the conditions under which an aluminium strand sheathed with such material could be identified as
providing such well performing material.

Setup for and results from grounding conductors subjected to first and second test procedures according to the invention

[0092] Fig. 9 shows a schematic perspective drawing illustrating a setup for testing a grounding conductor to verify
whether the grounding conductor is according to the present invention, showing a polyethylene container 900 comprising
a volume of about 1 I liquid 905 consisting of a 1 vol% sodium sulphate solution, i.e. an aqueous electrolytic solution
and at ambient temperatures. A length Is here 200 mm of a conductor under test 920 is submerged, being bent to be
accommodated inside the container 900 and provided at its deepest point at a depth of around 0.5 meter. Further, inside
the liquid volume 905 is provided a copper plate electrode 910 near the bottom of the container and at a, constant
between samples, minimum distance of 20-25 cm to the conductor under test 920. Other electrode metal materials,
such as aluminium, as well as electrode sizes and shapes, such as a foil, can be contemplated by the skilled person,
as well as container material, shape and size, as well as other positionings of the conductor, electrode and liquid level
over conductor relative to each other. It may be advantageous to adapt these sizes to the current values being used,
as well as the physical size of the conductor under test.
[0093] During the two tests a test current is applied running between said conductor under test 920 and the electrode
910 such that a potential can be measured over said conductor under test 920 and said electrode 910.
[0094] In the test measurements performed herein discussed below, all conductors being tested were submerged
entirely along the length, one by one, and all comprising a single aluminium strand having a strand diameter dw of 3.06
mm, and when sheathed, was provided with a substantially uniform thickness of the conductive polymer sheath of around
0.3 mm. For this size of container preferably strand widths or conductor widths of between 5 mm and 30 mm, such as
20 mm - 25 mm can be tested.

First procedure tests and results

[0095] The conductors under test 920 were the following test samples for the first series of measurements according
to the first procedure:

- a grounding conductor according to the invention, denoted Sample 1,
- a grounding conductor not according to the invention, denoted Sample 2, comprising a sheath of a polymer base

from polyethylene by the trade name DHDA 7708-BK supplied from the company DOW.

[0096] First, Sample 1 was inserted into the sulphate solution of the above setup, and a first set test current of 1 mA
was applied from one end of Sample 1 and to the electrode 910, such that a negative test potential was applied to said
aluminium strand relative to said electrode, and the potential difference, named the sheathed-strand potential difference
between the electrode and the Sample 1 was noted. A second set test current of 3 mA was applied, and so on along
suitable intervals, such that a test current within a first test current range was provided there between, resulting here in
measuring over a series of current and potential measurements being logged over said first current range from 1 mA to
10 mA.
[0097] Thereafter, Sample 2 was inserted into the same sulphate solution of the above setup, and the electrical potential
difference was measured from one end of Sample 2 and to the electrode 910, measuring a test series with the same
intervals over the same first current range from 1 mA to 10 mA.
[0098] Thirdly after testing the above conductors, the sheath material from Sample 1 was removed and a bare aluminium
strand was provided, denoted Bare strand. Bare strand was inserted into the same sulphate solution of the above setup,
and the electrical potential was measured from one end of the Bare strand and to the electrode 910, measuring over
the same first current range from 1 mA to 10 mA.
[0099] Table 1 and 2 comprises the test results for test procedure one and two, respectively, and in Fig. 10, 11 and
12 are shown diagram of the result achieved.
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[0100] From the result in Fig. 10 it can be seen that the potential difference measured for Sample 1 after one point in
the first current range, namely around 7.5 mA. Note: The diagrams have non-linear x-coordinates) and below acquires
the same or a lower potential difference than does the Bare strand. Further, it can be seen Sample 2 does not at any
point go below the potential difference for the Bare strand over the first current test range.

[0101] Due to the fact that many polymer manufacturers tend to not disclose their polymer makeup and the fact that
Inventor manufactures cables from such non-disclosed polymer compounds, it was a rather laborious job to identify and
verify what makes and when a conductive polymer material was suitable as a corrosion protection sheath for an aluminium
grounding conductor. During these initial tests many setups and conductive polymer materials among others were tried
out to provide an overview over the one or more parameters needed to be fulfilled by the grounding conductor for
providing an effective corrosion protection under different soil and environment conditions.
[0102] The setup as shown in Fig. 9 illustrates one way how to provide for the first and second test procedures, however
other setups can be contemplated by the skilled person, such as measuring according to the IEC standard 60229
corrosion test. E.g. in another such suitable setup, the container was a copper tank comprising 100 I of the test solution
in question, and the strand was 1.2 m long Iw and having 1 m thereof submerged into the solution at a depth of around
0.5 m, and provided substantially not bent therein.
[0103] The tests according to the invention but of different setups provide the same indicator or criteria for determining
the provision of a low potential difference during test for deciding which conductor is according to the invention.
[0104] Other conductors tested comprised a sheath of a polyethylene base bearing the trade name of LE 0563 supplied
from the company Borealis and providing a semi-conductive polymer material and comprising carbon black, but exhibited
less effective corrosion inhibition, and thus were not a grounding conductor according to the invention.
[0105] Test performed with DC potential Vtest in the order of 0.1 to 30 V depending on test conditions. When testing
certain conventional or less suitable conducting polymer materials even higher potentials were measured, such as
around 100-400 V.
[0106] Advantageously, the provided grounding conductor according to the invention further lives up to the requirements
of 1) withstanding a maximum of 50 V potential difference towards ground in extreme operation conditions 2) a max
current of 50 ampere AC into the conductor at all times ∼ between stations, line faults around 100-1000 ampere or more.
It was dimensioned here to withstand 65 A/mm2 over 1 second for all grounding conductors.
[0107] These parameter influences on test voltage / test current range being utilized: Length of strand in conducting
liquid, sheath surface area contacting liquid, distance from strand surface to electrode (seem to influence the most),
liquid volume, and the same depth being kept.
[0108] For the ensuing tests of lightning endurance, abrasion resistance, and corrosion resistance, a selection of
similar lengths of the same grounding conductor according to the invention was provided having a physical section as
shown in Fig. 4 comprising seven equal diameter dw of around 3.06 mm aluminium strands, each individually sheathed
by an as above identified conductive polymer material having a uniform thickness ts around 0.3 mm, and each provided
not adhering to mutually and twisted around each other at a twist length of around 14 cm.

Table 1

l/mA 1 3 5 7,5 10

Potential difference V V V V V

Sample 1 1.20 1.50 1.60 1.63 1.67

Sample 2 2.00 2.10 2.20 2.30 2.40

Bare strand 1.55 1.59 1.61 1.63 1.65

Table 2

l/mA 1 3 5 7,5 10

Potential difference V V V V V

Sample 1 w holes 1,25 1,55 1,63 1,65 1,68

Sample 2 w holes 1,60 1,65 1,70 1,75 1,80

Bare strand 1,55 1,59 1,61 1,63 1,65
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Performance tests of grounding conductor according to invention

[0109] The lightning tests were carried out to test the performance of a grounding conductor sample according to the
present invention as regards to satisfactory performance during lightning or fault currents in the surrounding ground soil.
The sample was a grounding conductor from one strand wound by seven aluminium filaments, comprising a surrounding
sheath.
[0110] A lightning test setup was provided as seen in Fig. 13: A container around 1.5 m wide x 1 m long x 1 m high
was provided enclosing a copper plate for providing electrical earth potential to water saturated humus soil filled into the
container on top of the copper plate for providing resistance and a current path there through. The sample length was
such that one meter thereof was buried within the soil along and at around 20 cm from the copper plate, and having
each sample end extending from the soil. The sample ends were attached to a Marx voltage generator for providing a
steadily increased voltage up to 40 kV. A lightning current or electromagnetic impulse happened around 30 kV resulting
in an current surge reaching around 800 A in an arc generated between one or more positions on the sample and the
copper plate, which was provided in series with a current shunt for measuring this lightning current. Then the sample
was removed from the soil and inspected.
[0111] The result was that the sample was able to withstand the current impulse such that the aluminium conductor
could survive the up to 800 A electromagnetic impulse there through. At four arc influenced positions on the sheath
material part of it was entirely removed forming individual holes of around 0.8-2 mm with noticeable melting around the
hole area, as well as blackened sheath parts surrounding the hole. In other places, as seen in Figs. 14A and 14B at the
arc positions only a few charred and blackened abrasions of around 0.01-0.1 mm were seen on the top surface of the
sheath of an area comparable to the hole area in the sample.
[0112] Thus, the test showed that a grounding cable according to the invention during use in the ground is submitted
to lightning, it has a reasonable chance of still functioning appropriately and providing mechanical and moisture protection.
[0113] Figs. 14A-14B illustrates another important advantage of the grounding conductor according to the invention.
Inventor noted during the lightning tests that due to this fact and a good contact provided between the aluminium strand
and sheath when lightning pulses or faults occur in the electrical system to be serviced by the grounding conductor it
can better conduct currents up to about 1000 A/m into a good conducting soil before the conducting polymer sheath
exhibit damages, see the relatively small holes formed in the sheath material in figs.14A, 14B, in the order of 0.01 mm
- 0.1 mm. Thus, as a side-effect, an improved grounding capability entails better resistance against lightning. The
resistance over the sheath of the sample is advantageously low with resistances of below 100 Ω·cm, preferably below
50 Ω·cm, more preferred below 30 Ω·cm.
[0114] Different abrasion tests, e.g. such as set out in IEC standard 60229, were also carried out. The purpose was
to demonstrate that the extruded sheath of the present invention could withstand abrasion during the laying operation
since the sheath thickness of the grounding conductor in some cases does not comply with IEC cable standards. The
tests showed that indeed conductors according to the invention were able to withstand these tests, when relative to the
IEC standard test approximately half the force was used in the test setup for a grounding conductor test sample having
a diameter of around 3.06 mm and a sheath thickness of around 0.3 - 0.4 mm.
[0115] Corrosion tests, such as set out in IEC standard 60229, were also carried out. The purpose was to demonstrate
that, in the event of local damage to a sheath, any consequential corrosion of the outer surface of the aluminium strand
would remain virtually confined to the damaged area of covering, preferably reduced corrosion would be observed
relative to a bare grounding conductor.
[0116] In the following and in connection to Figs. 15-21 is described what Inventor presume to be some of the possible
causes for the more effective anti- corrosion layer provided by the present invention in relation to the above mentioned
tests.
[0117] In Fig. 15 is shown a cut-out of an aluminium surface with no sheath, i.e. bare, such as one side surface of an
aluminium strand along the length thereof. Aluminium surfaces will generally formulate a white, protective layer of oxygen
induced corrosion in the form of aluminium oxide if left unprotected from the atmosphere or water. As shown in Fig. 15
this aluminium oxide layer basically consists of amorphous Al2O3 in two partial layers on top of each other, namely

- a nearly pore free barrier layer of amorphous aluminium oxide Al2O3 up to around 0.1 micrometer thick on top of
the aluminium layer Al and

- a hydrated cover layer with low crystalline contents and comprising Al- hydroxides Al(OH)3 and Bayerite Al2O3 + 3
H2O up to about 0.3 micrometer thick on top of the aluminium oxide layer, where the hydrated cover layer further
is provided with micropores in the form of pits or holes around 1 micrometer in diameter and up to 0.3 micrometer
deep, extending all the way up from the Al2O3 surface. Further, other aluminium oxides may be present as a mix
with the porous layer.

[0118] The thickness of the Al2O3 layer increases with time, temperature, whether anodization was used, and the
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availability of oxygen. Even though the oxide layer is very tight, durable, has a melting temperature of 2.300° Celsius,
and protects the aluminium surface from further corrosion, it can over time also become porous and pick up humidity,
which then increases its corrosion susceptibility. Further, the density of Al2O3 is higher in comparison to the aluminium
metal itself, and the electrical resistivity of Al2O3 is very high, 1x1014 Ω·cm.
[0119] In Fig. 16, in a conductor not according to the invention, Sheath 1 is made from the conductive polymer material
based on Low Density Polyethylene (LDPE) from Borealis by the trade name LE0563 added a conductive filler of carbon
black. The Sheath 1 is applied by extrusion and by the combination of added carbon black, extrusion and polyethylene,
the viscosity of the mix may increase, because when adding a higher content of low size conductive particles, then the
viscosity of the mix tends to increase. As a result the polymer compound may not enter deep enough, inside the pores,
and into contact with the aluminium oxide layer. Therefore, the "islands" of hydrated aluminium in contact with the polymer
will, at the current densities and potentials experienced when providing ground for power cables, simply form too high
potential walls for the very low current to flow during normal operation of the electrical power system. Further, any
humidity and leaks from any damages of the polymer tend to gather in the pores and inside the hydrated aluminium,
which increases corrosion there.
[0120] In Fig. 17, Sheath 2 is made from a conductive polymer and the grounding conductor according to the invention
is provided. Advantageously, the aluminium oxide and sheath are in good surface contact with each other, also in the
bottom of the pores, and this good surface contact may provide a preferred "road" for the electrical current to go along,
when needed.
[0121] This may be provided in each conductive polymer according to the various embodiments discussed herein,
which embodiments are:

- a conductive polymer material comprising a polyolefin mixed with an elastomer, 10-40 % high purity carbonaceous
material, and an antioxidant,

- conductive polymer material comprising a polypropylene mixed with an ethylene/propylene elastomer, 23 - 30 %
carbon black, and a phenolic antioxidant,

- a conductive polymer material comprising 62 - 68 % polypropylene mixed with an ethylene/propylene elastomer,
23 - 30 % carbon black, and 2 -4 % phenolic antioxidant, and

- a conductive polymer material comprising 25 - 70 % polypropylene, 15 - 55% ethylene/propylene elastomer, 23 -
30 % carbon black, and 2 - 4 % phenolic antioxidant.

[0122] Inventor has, by performing the above tests and others, noticed the following measures as being beneficial for
an increased corrosion protection as well as for an improved grounding conductor effect in the discussed conductive
polymer materials, while also providing a mechanically sufficiently protected conductor:

- A low viscosity polymer compound which can more easily enter into the pores, see Fig. 16 relative to Fig. 17;

- A high electrical conductivity, vis-à-vis low resistivity of the sheath. This can be provided by increased filler content
in the conductive polymer, though controlled as not to increase viscosity too much, as well as selecting a reduced
particulate size of the filler. Filler content and low viscosity is preferably adjusted in order to provide a high conductivity;
a high-grade carbon black quality is preferably used having a high purity and small size for ease of entering into the
pores. Also an increased conductivity also depends on which polymer matrix is chosen, e.g. whether a good com-
bination compound is used, preferably a conductive polymer material with low volume resistivity, such as lower than
100 Ω·cm is selected, leading to the polymer compound’s conductivity being high. Further, when the resistivity is
low the sheath’s polarity is balanced thereto; this can be achieved by selecting a suitably high conducting/low
resistive polymer matrix and/or adding further fillers, known in itself by the skilled person;

- the polarity of the sheath is controlled, advantageously in one embodiment a certain amount of non-polar and/or
non-insulative materials e.g. non-polar rubber is added such as an ethylene-propylene (EP) rubber EPR, such as
EPDM (aka EPT: ethylene propylene terpolymer), EPR (aka EPM: ethylene propylene copolymer), nitrile butadiene
NB, natural rubber NR, butadiene rubber BR, styrene butadiene rubber SBR. Alternatively or additionally, a non-
polar or non-polar making additive is added;

- increasing the surface adherence of the sheath is advantageous, i.e. an increased stickiness of the conductive
polymer compound to the aluminium surface, in particular to the aluminium oxide surface inside the pores. The
adherence may be further improved when manufacturing the sheath onto the aluminium strand it is advantageously
to press it, e.g. using pressure extrusion, and/or pressed mechanically during laying and/or during curing onto the
surface of the strand better enabling to press the polymer into the pores - this also fills up the pores with conductive
material and a lower resistivity of the sheath and of the sheath/aluminium oxide contact surface is obtained;
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- a relatively low contact resistance between conductive polymer and aluminium surface, advantageously filling out
the pores of the aluminium oxide to provide an even lower contact resistance and at the same time exhibit a low
surface resistance relative to the surrounding media - then any accumulated potential difference over the alumini-
um/polymer contact surface, which might corrode the aluminium surface, is led out via the low resistive conductive
polymer sheath instead of through the aluminium and the corrosion rate of the aluminium is slowed down significantly;

- the thickness of the sheath. It is advantageously selected relative to the diameter of the strand, as well as to which
application, the conductor is intended to be used in;

- a corrosion reducing additive or base polymer can be added or utilized in the polymer, however the tests have shown
this measure may not be necessary, it may even sometimes reduce the other here mentioned beneficial effects;

- either actively reducing the amount of low molecular content in the exterior surfaces of the compound since some
polymers, such as e.g. polyethylene tend to deposit these at its outer surfaces during setting and may then act
electrically isolative in these parts, and/or by adding fillers, such as e.g. EVA, EBA or the like, for lowering these
tendencies and keep the low-molecular content better distributed inside the polymer matrix.

[0123] All these measures seem lead to an effect of reducing the sheath resistance and thus lowering the potential
wall of the sheath and increasing the conductive property of the filler inside the matrix to such a degree that the potential
wall on the parts where the hydrated aluminium "islands" between the pores is larger than the potential wall over the
aluminium oxide and sheath contacting parts inside the pores, even when significantly large holes exits in the sheath
surface, providing primarily an excellent corrosion protection effect.

Claims

1. A grounding conductor (10a, 10b, 100) for forming a ground or earth potential to a power cable (2a, 2b) or structure
(3a, 3b), and for being in electrical contact with a surrounding environment for providing grounding potential along
substantially the entire length of the grounding conductor (10a, 10b, 100) where laid in the ground, the grounding
conductor (10a, 10b, 100) comprising

a plurality of conductive aluminium strands (120) provided with a sheath (140) comprising an electrically con-
ductive polymer material, wherein
the grounding conductor (10a, 10b, 100) comprises the plurality of conductive aluminium strands (120),
wherein each such strand (120) is provided with at least one sheath (140) comprising an electrically conductive
polymer material having a volume resistivity (ρ) below 100 Ωcm, characterised in that at least some of the
plurality of conductive aluminium strands (120) entirely surrounds one centrally provided conductive aluminium
strand (120a) of the plurality of conductive aluminium strands (120).

2. The grounding conductor (10a, 10b, 100) according to claim 1, wherein a transitional resistance for one of the
plurality of the conductive aluminium strands (120) provided with at least one sheath (140) to a surrounding media
is lower than a transitional resistance for a bare conductive aluminium strand of the plurality of the conductive
aluminium strands to the same surrounding media.

3. The grounding conductor (10a, 10b, 100) according to any one of the preceding claims, wherein the conductive
polymer material comprises a polyolefin mixed with an elastomer, 10-40 % high purity carbonaceous material, and
an antioxidant.

4. The grounding conductor (10a, 10b, 100) according to claim 1 or 2, wherein the conductive polymer material com-
prises polypropylene mixed with an ethylene/propylene elastomer, 23 - 30 % carbon black, and a phenolic antioxidant.

5. The grounding conductor (10a, 10b, 100) according to claim 1 or 2, wherein the conductive polymer material com-
prises 62 - 68 % polypropylene mixed with an ethylene/propylene elastomer, 23 - 30 % carbon black, and 2 - 4%
phenolic antioxidant.

6. The grounding conductor (10a, 10b, 100) according to claim 1 or 2, wherein the conductive polymer material com-
prises 25 - 70 % polypropylene, 15 - 55% ethylene/propylene elastomer, 23 - 30 % carbon black, and 2 - 4 % phenolic
antioxidant.



EP 3 036 747 B1

16

5

10

15

20

25

30

35

40

45

50

55

7. The grounding conductor (10a, 10b, 100) according to any one of the preceding claims, wherein each of the plurality
of conductive aluminium stands (120) provided with a sheath (140) has an aluminium strand diameter (dw) within
a range of 0,2 - 25 mm, and a sheath thickness (ts) within a range of 0.2 - 0.7 mm.

8. An electrical power system (1) comprising a power cable (2a, 2b) or structure (3a, 3b), which is grounded through
a grounding conductor (10a, 10b, 100) according to any one of the claims 1 to 7 buried in the ground and in grounding
contact with the ground along the length thereof.

9. The electrical power system (1) according to claim 8, comprising the power cable (2b), wherein the grounding
conductor (10b) at least along one length of the power cable (2b) is provided alongside and in contact with an outer
surface of the power cable (2b).

10. The electrical power system (1) according to claim 8, wherein the power cable (2a) is an aerial cable (2a), and the
grounding conductor (10a, 10b) is provided in the ground and along at least a part of the power cable (2a).

11. Use of a grounding conductor (10a, 10b, 100) according to any one of claims 1 - 7 as a ground conductor (10a, 10b,
100) running in parallel with a power cable (2a, 2b) between two power structures (3a, 3b) to provide a ground
potential to the power cable (2a, 2b) or the power structure (3a, 3b), said grounding conductor (10a, 10b, 100) being
laid underground for being in electrical contact with a surrounding environment for providing grounding potential
along substantially the entire length of the grounding conductor (10a, 10b, 100).

12. The use of a grounding conductor (10a, 10b, 100) according to claim 11, wherein the two power structures (3b) are
transformer stations (3b).

Patentansprüche

1. Erdungsleiter (10a, 10b, 100) zur Bildung eines Masse- oder Erdpotentials an einem Stromkabel (2a, 2b) oder einer
Struktur (3a, 3b) und für elektrischen Kontakt mit einer umgebenden Umwelt, um im Wesentlichen entlang der
gesamten Länge des Erdungsleiters (10a, 10b, 100) ein Erdungspotenzial bereitzustellen, wo dieser im Boden
verlegt ist, der Erdungsleiter (10a, 10b, 100) umfassend mehrere leitfähige Aluminiumlitzen (120), die mit einer
Scheide (140) versehen sind, die ein elektrisch leitfähiges Polymermaterial umfasst, wobei
der Erdungsleiter (10a, 10b, 100) die mehreren leitfähigen Aluminiumlitzen (120) umfasst,
wobei
jede dieser Litzen (120) mit mindestens einer Scheide (140) versehen ist, die ein elektrisch leitfähiges Polymerma-
terial umfasst, das einen Volumenwiderstand (p) unter 100 Qcm aufweist, dadurch gekennzeichnet, dass min-
destens einige der mehreren leitfähigen Aluminiumlitzen (120) eine zentral bereitgestellte leitfähige Aluminiumlitze
(120a) der mehreren leitfähigen Aluminiumlitzen (120) vollständig umgeben.

2. Erdungsleiter (10a, 10b, 100) nach Anspruch 1, wobei ein Übergangswiderstand für eine der mehreren leitfähigen
Aluminiumlitzen (120), die mit mindestens einer Scheide (140) versehen ist, gegenüber eines umgebenden Mediums
geringer ist, als ein Übergangswiderstand für eine blanke leitfähige Aluminiumlitze der mehreren leitfähigen Alumi-
niumlitzen demselben umgebenden Medium gegenüber.

3. Erdungsleiter (10a, 10b, 100) nach einem der vorhergehenden Ansprüche, wobei das leitfähige Polymermaterial
ein Polyolefin, das mit einem Elastomer gemischt ist, 10 - 40 % hochreines kohlehaltiges Material und ein Antioxi-
dationsmittel umfasst.

4. Erdungsleiter (10a, 10b, 100) nach Anspruch 1 oder 2, wobei das leitfähige Polymermaterial Polypropylen, das mit
einem Ethylen-/Propylenelastomer gemischt ist, 23 - 30 % Ruß und ein phenolisches Antioxidationsmittel umfasst.

5. Erdungsleiter (10a, 10b, 100) nach Anspruch 1 oder 2, wobei das leitfähige Polymermaterial 62 - 68% Polypropylen,
das mit einem Ethylen-/Propylenelastomer gemischt ist, 23 - 30 % Ruß und 2 - 4% phenolisches Antioxidationsmittel
umfasst.

6. Erdungsleiter (10a, 10b, 100) nach Anspruch 1 oder 2, wobei das leitfähige Polymermaterial 25 - 70% Polypropylen,
15 - 55% Ethylen-Propylenelastomer, 23 - 30 % Ruß und 2 - 4% phenolisches Antioxidationsmittel umfasst.
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7. Erdungsleiter (10a, 10b, 100) nach einem der vorhergehenden Ansprüche, wobei jede der mehreren leitfähigen
Aluminiumlitzen (120), die mit einer Scheide (140) versehen sind, einen Aluminiumlitzendurchmesser (dw) innerhalb
eines Bereichs von 0,2 - 25 mm und eine Scheidendicke (ts) innerhalb eines Bereichs von 0,2 - 0,7 mm aufweist.

8. Stromversorgungssystem (1), umfassend ein Stromkabel (2a, 2b) oder eine Struktur (3a, 3b), die durch einen
Erdungsleiter (10a, 10b, 100) nach einem der Ansprüche 1 bis 7 geerdet ist, der im Boden vergraben ist und entlang
seiner ganzen Länge in Erdungskontakt steht.

9. Stromversorgungssystem (1) nach Anspruch 8, umfassend das Stromkabel (2b), wobei der Erdungsleiter (10b)
mindestens entlang einer Länge des Stromkabels (2b) neben diesem und in Kontakt mit einer Außenfläche des
Stromkabels (2b) bereitgestellt ist.

10. Stromversorgungssystem (1) nach Anspruch 8, wobei das Stromkabel (2a) ein Antennenkabel (2a) ist und der
Erdungsleiter (10a, 10b) im Boden und entlang zumindest eines Teils des Stromkabels (2a) bereitgestellt ist.

11. Verwendung eines Erdungsleiters (10a, 10b, 100) nach einem der Ansprüche 1 bis 7 als Erdungsanschluss (10a,
10b, 100), der parallel zu einem Stromkabel (2a, 2b) zwischen zwei Stromversorgungsstrukturen (3a, 3b) verläuft,
um ein Erdungspotential für das Stromkabel (2a, 2b) oder die Stromversorgungsstruktur (3a, 3b) bereitzustellen,
wobei der Erdungsleiter (10a, 10b, 100) unterirdisch verlegt ist, um in elektrischem Kontakt mit einer umgebenden
Umwelt zu stehen, um entlang im Wesentlichen der gesamten Länge des Erdungsleiters (10a, 10b, 100) ein Er-
dungspotenzial bereitzustellen.

12. Verwendung eines Erdungsleiters (10a, 10b, 100) nach Anspruch 11, wobei die beiden Stromversorgungsstrukturen
(3b) Transformatorstationen sind (3b).

Revendications

1. Conducteur de mise à la terre (10a, 10b, 100) pour former un potentiel de terre ou de masse pour un câble (2a, 2b)
ou une structure (3a, 3b) d’alimentation, et pour être en contact électrique avec un environnement ambiant pour
fournir un potentiel de mise à la terre sensiblement le long de toute la longueur du conducteur de mise à la terre
(10a, 10b, 100) là où posé dans le sol, le conducteur de mise à la terre (10a, 10b, 100) comprenant
une pluralité de brins d’aluminium conducteurs (120) dotés d’une gaine (140) comprenant un matériau polymère
électroconducteur, dans lequel
le conducteur de mise à la terre (10a, 10b, 100) comprend la pluralité des brins d’aluminium conducteurs (120),
dans lequel
chaque tel brin (120) est doté d’au moins une gaine (140) comprenant un matériau polymère électroconducteur
ayant une résistivité volumique (ρ) inférieure à 100 Ωcm,
caractérisé en ce qu’au moins certains de la pluralité des brins d’aluminium conducteurs (120) entourent complè-
tement un brin d’aluminium conducteur (120a) fourni centralement de la pluralité des brins d’aluminium conducteurs
(120).

2. Conducteur de mise à la terre (10a, 10b, 100) selon la revendication 1, dans lequel une résistance de passage pour
l’un de la pluralité des brins d’aluminium conducteurs (120) doté d’au moins une gaine (140) par rapport à un milieu
environnant est inférieure à une résistance de passage pour un brin d’aluminium conducteur dénudé de la pluralité
des brins d’aluminium conducteurs par rapport au même milieu environnant.

3. Conducteur de mise à la terre (10a, 10b, 100) selon l’une quelconque des revendications précédentes, dans lequel
le matériau polymère conducteur comprend un polyoléfine mélangé avec un élastomère, 10-40% de matériau
carboné de haute pureté, et un antioxydant.

4. Conducteur de mise à la terre (10a, 10b, 100) selon la revendication 1 ou 2, dans lequel le matériau polymère
conducteur comprend du polypropylène mélangé avec un éthylène/propylène élastomère, 23-30% de noir de car-
bone, et un antioxydant phénolique.

5. Conducteur de mise à la terre (10a, 10b, 100) selon la revendication 1 ou 2, dans lequel le matériau polymère
conducteur comprend 62-68% de polypropylène mélangé avec un éthylène/propylène élastomère, 23-30% de noir
de carbone, et 2-4% d’antioxydant phénolique.
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6. Conducteur de mise à la terre (10a, 10b, 100) selon la revendication 1 ou 2, dans lequel le matériau polymère
conducteur comprend 25-70% de polypropylène, 15-55% d’éthylène/propylène élastomère, 23-30% de noir de
carbone, et 2-4% d’antioxydant phénolique.

7. Conducteur de mise à la terre (10a, 10b, 100) selon l’une quelconque des revendications précédentes, dans lequel
chacun de la pluralité des brins d’aluminium conducteurs (120) dotés d’une gaine (140) a un diamètre de brin
d’aluminium (dw) compris dans une plage de 0,2-25 mm, et une épaisseur de gaine (ts) comprise dans une plage
de 0,2-0,7 mm.

8. Système d’alimentation électrique (1) comprenant un câble (2a, 2b) ou une structure (3a, 3b) d’alimentation, qui
est mis(e) à la terre via un conducteur de mise à la terre (10a, 10b, 100) selon l’une quelconque des revendications
1 à 7 enfoui dans le sol et en contact de mise à la terre avec le sol le long de sa longueur.

9. Système d’alimentation électrique (1) selon la revendication 8, comprenant le câble d’alimentation (2b), dans lequel
le conducteur de mise à la terre (10b), au moins le long d’une longueur du câble d’alimentation (2b), est fourni le
long de, et en contact avec une surface extérieure du câble d’alimentation (2b).

10. Système d’alimentation électrique (1) selon la revendication 8, dans lequel le câble d’alimentation (2a) est un câble
aérien (2a), et le conducteur de mise à la terre (10a, 10b) est fourni dans le sol et le long d’une partie au moins du
câble d’alimentation (2a) .

11. Utilisation d’un conducteur de mise à la terre (10a, 10b, 100) selon l’une quelconque des revendications 1-7 en tant
que conducteur de terre (10a, 10b, 100) s’étendant parallèlement à un câble d’alimentation (2a, 2b) entre deux
structures d’alimentation (3a, 3b) pour fournir un potentiel de terre au câble d’alimentation (2a, 2b) ou à la structure
d’alimentation (3a, 3b), ledit conducteur de mise à la terre (10a, 10b, 100) étant posé sous terre pour être en contact
électrique avec un environnement ambiant pour fournir un potentiel de mise à la terre sensiblement le long de toute
la longueur du conducteur de mise à la terre (10a, 10b, 100).

12. Utilisation d’un conducteur de mise à la terre (10a, 10b, 100) selon la revendication 11, dans lequel les deux structures
d’alimentation (3b) sont des stations de transformateur (3b).
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